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Abstract
Observations of Earth’s magnetic ﬁeld from space began more than 50 years
ago. A continuous monitoring of the ﬁeld using low Earth orbit (LEO) satel-
lites, however, started only in 1999, and three satellites have taken high-
precision measurements of the geomagnetic ﬁeld during the past decade.
The unprecedented time-space coverage of their data opened revolutionary
new possibilities for monitoring, understanding, and exploring Earth’s mag-
netic ﬁeld. In the near future, the three-satellite constellation Swarm will
ensure continuity of such measurement and provide enhanced possibilities
to improve our ability to characterize and understand the many sources that
contribute to Earth’s magnetic ﬁeld. In this review, we summarize investi-
gations of Earth’s interior and environment that have been possible through
the analysis of high-precision magnetic ﬁeld observations taken by LEO
satellites.
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LEO: low Earth orbit
CHAMP:
Challenging
Mini-Satellite Payload
(satellite)
1. INTRODUCTION
Geomagnetism concerns the exploration of Earth’s interior and environment using observations
of the magnetic ﬁeld. Direct measurements of the ﬁeld have been made for a few hundred years,
and currently the ﬁeld is monitored at approximately 150 geomagnetic observatories on ground.
Their spatial distribution (see Figure 1) is, however, rather uneven, with large gaps in the oceans.
Although considerable efforts have been made recently to ﬁll some of these gaps by installing
observatories at remote islands, a true global survey of the geomagnetic ﬁeld is possible only with
satellites.
A satellite in a low Earth orbit (LEO) moves at approximately 8 km s−1. As a consequence, it is
not possible to decide whether an observed magnetic ﬁeld variation is due to a temporal or spatial
change of the ﬁeld. This situation is rather different from that provided bymagneticmeasurements
taken by observatories at ﬁxed locations on the ground, for which an observed variation can always
be attributed to a true temporal change of the ﬁeld.
In general, satellites move around Earth in elliptical orbits, although orbit ellipticity is often
small for satellites used in geomagnetism. Orbit inclination i is the angle between the orbit plane
and the equatorial plane, with i = 90◦ representing a perfect polar orbit. Most satellite orbits
have inclinations that are different from 90◦. As an example, Figure 1 shows the ground track of
one day (August 16, 2010) of the Challenging Mini-Satellite Payload (CHAMP) satellite, which
has an orbit inclination of i = 87◦. The polar gaps, the regions of half-angle |90◦ − i | around the
geographic poles that are left unsampled, are obvious when the orbits are looked at in a polar view.
The magnetic poles are, however, usually covered by satellite data because their distance from the
geographic pole is larger than the size of the polar gap.
It is obvious that the spatial coverage even of one single day of satellite observations is better
than that of the present ground observatory network. Satellite data spanning several months or
even years therefore provide global data coverage that is far superior to what is possible close to
Earth’s surface (apart from the polar gap, of course).
However, there are some peculiarities of satellite data coverage, such as the occurrence of
resonance patterns, when the satellite revisits a certain longitude every day and thus does not
provide dense longitudinal coverage. In addition, the determination of reliable models of external
ﬁeld contributions requires good distribution not only regarding latitude and longitude but also
in local time. These and related issues are discussed in more detail by Olsen et al. (2010).
For ground measurements of the magnetic ﬁeld at a speciﬁc site, it is common to distinguish
observatories, where the magnetic ﬁeld is measured absolutely, and variometers, where only the
ﬁeld variation is measured, which means that the absolute level (the baseline) of the magnetic
ﬁeld is not known (and may even vary with time). Variometer data are therefore mainly used for
studying temporal variations of the external ﬁeld at periods (between seconds and days) shorter
than that of the variability of the (unknown) baseline.
Also, for satellites, it is useful to distinguish between missions that measure the magnetic ﬁeld
absolutely (i.e., with a known baseline) and those that observe ﬁeld variations only. The vastmajor-
ity of magnetic satellites belong to the second category. Their data have been used successfully for
studying ionospheric and magnetospheric processes, especially during geomagnetically disturbed
conditions when the signal of those sources is particularly strong. However, many interesting
external phenomena have amplitudes of only a few nanotesla (nT); still, they provide crucial infor-
mation on ionospheric processes. Their reliable detection requires high-precision measurements
of both magnetic ﬁeld intensity and direction.
In this review,we concentrate on high-precision satellitemissions, i.e., satellites that are capable
of measuring the magnetic ﬁeld absolutely and with high resolution. We discuss the science that
is possible with data from those satellites and present highlights of the obtained results.
442 Olsen · Stolle
A
nn
u.
 R
ev
. E
ar
th
 P
la
ne
t. 
Sc
i. 
20
12
.4
0:
44
1-
46
5.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.an
nu
al
re
vi
ew
s.o
rg
by
 T
ec
hn
ic
al
 In
fo
rm
at
io
n 
Ce
nt
er
 &
 L
ib
ra
ry
 o
f D
en
m
ar
k 
on
 0
5/
03
/1
2.
 F
or
 p
er
so
na
l u
se
 o
nl
y.
EA40CH18-Olsen ARI 1 April 2012 8:30
Observatories
2010 magnetic poles
CHAMP orbit, August 16, 2010
Nighttime orbit 57732
Daytime orbit 57732
Figure 1
Ground track of 24 h of the CHAMP satellite orbit on August 16, 2010 (multiple gray curves). Highlighted is one particular orbit (orbit
number 57732), when the satellite starts close to the geographic North pole and ﬂies southward during local nighttime conditions (blue
curve). After approximately 45 min, it reaches its closest approach to the geographic South pole and moves northward on the dayside
(red curve). Dark yellow dots indicate the locations of ground-based magnetic observatories. Locations of the magnetic poles in 2010 are
shown by the purple squares.
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Table 1 Key parameters of high-precision magnetic satellites
Satellite Operation Inclination Altitude Data
OGO-2 Oct. 1965–Sept. 1967 87◦ 410–1,510 km Scalar only
OGO-4 July 1967–Jan. 1969 86◦ 410–910 km Scalar only
OGO-6 June 1969–June 1971 82◦ 400–1,100 km Scalar only
Magsat Nov. 1979–May 1980 97◦ 325–550 km Scalar and vector
Ørsted Feb. 1999– 97◦ 650–850 km Scalar and vector
CHAMP July 2000–Sept. 2010 87◦ 260–450 km Scalar and vector
SAC-C Jan. 2001–Dec. 2004 97◦ 698–705 km Scalar only
Swarm 2012– 88◦/87◦ 530/<450 km Scalar and vector
Abbreviations: CHAMP, Challenging Mini-Satellite Payload; OGO, Orbiting Geophysical Observatories;
SAC-C, Satellite de Aplicaciones Cientiﬁco-C.
POGO: Polar
Orbiting Geophysical
Observatories,
consisting of six
satellites (OGO-1 to
OGO-6)
SAC-C: Satellite de
Aplicaciones
Cientiﬁco-C (third
satellite of the
Argentinean space
program)
1.1. Satellites for High-Precision Measurements of Earth’s Magnetic Field
Although the ﬁrst measurements of the geomagnetic ﬁeld from space were taken by the satellite
Sputnik 3 in 1958 (followed by the Cosmos 26 and Cosmos 49 satellites in 1964), global high-
precision mapping of Earth’s magnetic ﬁeld was not possible until the launch of the OGO-2
satellite in 1965. OGO-2 was part of the Polar Orbiting Geophysical Observatories (POGO)
satellite series that consisted of six satellites, three of which (OGO-2, -4 and -6; see Cain 2007)
ﬂew at sufﬁciently low altitude (between 400 and 1500 km) to be suitable for mapping Earth’s
magnetic ﬁeld. These satellites measured the intensity of the magnetic ﬁeld but not its direction.
A unique global determination of Earth’s magnetic ﬁeld only from intensity data is, however,
not possible (see Backus 1970); some vector data are required in order to perform a unique
description. This necessity stimulated theMagsat satellitemission (Purucker 2007), the ﬁrst global
vector survey, which ﬂew for six months between November 1979 and April 1980.
Magsat was followed by a couple of initiatives for follow-on missions, but it was not until
20 years later, with the launch of the Ørsted satellite (Olsen 2007) in February 1999, that more
recent magnetic satellite observations became available. Ørsted initiated a new era of exploring the
geomagnetic ﬁeld from space and marked the beginning of an effort known as the International
Decade of Geopotential Field Research. Two additional satellites, CHAMP (Maus 2007) and
Satellite de Aplicaciones Cientiﬁco-C (SAC-C), were launched a couple of months after Ørsted.
All three satellites carry essentially the same instrumentation and provide a unique data set that
revolutionized space geomagnetism. These three satellites together provide data for more than
one decade: Data from SAC-C are available until 2004, whereas CHAMP had its atmospheric
reentry in September 2010. Only the Ørsted satellite still provides data (as of December 2011),
but only measurements of the magnetic ﬁeld intensity (vector data stopped at the end of 2004).
Key parameters of these and other high-precision magnetic satellites are listed in Table 1.
Also, the near future of space geomagnetism is bright: TheEuropean Space Agency is preparing
the three-satellite constellation mission Swarm for launch in 2012 (Friis-Christensen et al. 2006).
Swarm consists of a pair of side-by-side ﬂying satellites at low altitude (450-km initial altitude at
an east–west distance of 160 km at the equator) and a third satellite in a higher orbit. The mission
is expected to perform the best-ever survey of Earth’s magnetic ﬁeld and its time changes.
1.2. The Various Contributions to Earth’s Magnetic Field
The strength of themagnetic induction B, hereafter referred to as themagnetic ﬁeld for simplicity,
varies at Earth’s surface between approximately 25,000 nT near the equator and approximately
444 Olsen · Stolle
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65,000 nT near the poles (1 nT = 10−9 T, with 1 T = 1 tesla = 1 V s−1 m−2). By far, the
largest part of the magnetic ﬁeld (95% or more at Earth’s surface) is due to dynamo action in the
core; magnetized material in the crust accounts, on average, for only a few percent of the total
ﬁeld but can locally reach magnitudes of several hundreds or even thousands of nanotesla close to
Earth’s surface. At satellite altitude, the crustal ﬁeld is much weaker (<30 nT at 400-km altitude).
Core and crustal ﬁelds together are denoted as internal sources (as they are located below Earth’s
surface) and are discussed in more detail in Sections 2.2 and 2.3.
In addition to contributions from these internal sources, there are contributions from electric
currents in the ionosphere (90- to 1,000-km altitude) and the magnetosphere (at distances larger
than several Earth radii); these are termed external sources. They are very dynamic, ranging
from less than one nanotesla during geomagnetically quiet conditions to several hundreds or even
thousands of nanotesla during disturbed times, with especially large amplitudes at polar latitudes.
Understanding the processes behind external sources is important in accounting for their
signature when modeling the internal sources, either by data selection or data correction. Field
contributions that perhaps are unwanted for scientists working on the core and crustal ﬁelds may
be unique observations for the science community studying the ionosphere and magnetosphere.
Indeed, several ionospheric and thermospheric phenomena could be studied for the ﬁrst time
using the high-precision magnetic ﬁeld observations of the recent satellites Ørsted and CHAMP,
although their primary purpose is mapping the internal ﬁeld. Forward modeling of magnetic
effects by a physics-based model of the ionosphere and thermosphere is reviewed in Richmond
(2002). We provide in Section 3 an overview on how the various external sources are studied with
satellites.
The time-changing external ﬁeld induces secondary currents in Earth’s interior, which, in
turn, produce a secondary, induced magnetic contribution that adds to the primary, external one.
Analyzing satellite magnetic observations (which contain the sum of primary and secondary ﬁelds)
allows for a determination of mantle conductivity from space, a topic that is brieﬂy discussed in
Section 2.4.
Themagnetic ﬁeldmeasuredby a satellite or from the ground is a superpositionof contributions
from these various sources, each of which has a speciﬁc spatial and temporal characteristic. A sketch
of the various sources is given in Figure 2. The proper separation of the various contributions,
based on magnetic measurements, is a major challenge, which, for instance, can be achieved by
means of a spherical harmonic expansion (e.g., geomagnetic ﬁeld modeling; see Section 2.1).
In addition, for speciﬁc spatial and temporal scales, it is also possible to extract a certain ﬁeld
contribution by means of ﬁltering and data selection.
What are typical spatial scales of the various ﬁeld contributions? Figure 3 shows the magnetic
ﬁeld strength of the (static) internal ﬁeld in dependence on horizontal wavelength λn and spherical
harmonic degree n, for a typical satellite altitude of 350 km. Spatial scales down to ≈3,000 km
(corresponding to spherical harmonics of degree n = 1–13) are dominated by contributions from
the core ﬁeld, whereas spatial scales smaller than ≈3,000 km (corresponding to n ≥ 14) are
dominated by contributions from the crustal ﬁeld. Also shown are typical amplitude and spatial
scales for some external sources. They partly overlap those of internal sources, and therefore
high-quality geomagnetic ﬁeld models of the core and crustal ﬁelds have to be removed from the
observations before they can be used in external ﬁeld studies.
However, note that the satellite movement hampers the process of separation between spatial
and temporal changes of the ﬁeld. The scale at the top of Figure 3 shows (for a satellite moving
at 8 km s−1) the time period τ that would correspond to the presented spatial scales. For example,
the magnetic signature of a pulsation of 150-s period on a certain satellite track looks similar to
that of a spatial structure (e.g., crustal ﬁeld signature) of roughly 1,200-km scale.
www.annualreviews.org • Satellite Geomagnetism 445
A
nn
u.
 R
ev
. E
ar
th
 P
la
ne
t. 
Sc
i. 
20
12
.4
0:
44
1-
46
5.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.an
nu
al
re
vi
ew
s.o
rg
by
 T
ec
hn
ic
al
 In
fo
rm
at
io
n 
Ce
nt
er
 &
 L
ib
ra
ry
 o
f D
en
m
ar
k 
on
 0
5/
03
/1
2.
 F
or
 p
er
so
na
l u
se
 o
nl
y.
EA40CH18-Olsen ARI 1 April 2012 8:30
Gro
und
 obse
rvatori
es
Satellites
Crust
Ionosphere
Magnetosphere
Fluid core
Solid core
Mantle
Induced currents
Oceans
E-region
F-region
Magnetospheric currents
Sq
IHFACFAC FAC
Dip
equator
EEJ
Plasma bubbles
g × B
PEJ
6,371 km
5,150 km
2,900 km
5 – 30 km
90 km
120 km
400 km
1,000 km
 >10,000 km
0 km
In
te
rn
al 
so
ur
ce
s
Ex
te
rn
al 
so
ur
ce
s
0 – 12 km
Figure 2
Sketch of the various sources contributing to the near-Earth magnetic ﬁeld. Abbreviations: B, ambient magnetic ﬁeld; EEJ, equatorial
electrojet; FAC, ﬁeld-aligned current; g, Earth’s gravity vector; IHFAC, interhemispheric ﬁeld-aligned current; PEJ, polar electrojet;
Sq, solar quiet daily magnetic variation.
Quasi-Dipole (QD):
describes coordinates
deﬁned by the
geometry of Earth’s
magnetic ﬁeld
LT: local time
What do magnetic ﬁeld observations along a typical satellite track look like? Figure 4a,b
shows the difference F = Fobs − Fcore between observed magnetic intensity Fobs and the core
ﬁeld part (magnetic ﬁeld contribution from Earth’s core) Fcore as given by the geomagnetic ﬁeld
model CHAOS-4 (Olsen et al. 2011) for the nighttime part of CHAMP orbit number 57732, in
dependence on Quasi-Dipole (QD) latitude (Richmond 1995). The ground track of that orbital
part is shown in Figure 1; local time (LT) of the equator crossing was 23:35 LT. The core ﬁeld
part along that orbit varies between ≈34,000 nT near the equator and ≈55,000 nT near the poles,
which is by far the largest contribution to the observedmagnetic ﬁeld and dominates contributions
from other sources. Figure 4a,b also shows the observed magnetic ﬁeld minus the core magnetic
ﬁeld predicted by the CHAOS-4 model and the predicted crustal ﬁeld as given by the model MF7
(Maus 2010a).
The difference between these two curves, i.e., the observed values minus model values for
the core and the crust, is shown in Figure 4c,d. Because the internal sources (from the core and
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Figure 3
The magnetic ﬁeld strength of the (static) internal ﬁeld in dependence on horizontal wavelength λn (top axis) and spherical harmonic
degree n (bottom axis), for a typical satellite altitude of 350 km, as given by the ﬁeld models CHAOS-4 (Olsen et al. 2011) for n ≤ 90,
MF7 (Maus 2010a) for 90 < n ≤ 133, and NGDC-720 (Maus 2010b) for n > 133. The gray curve is for the static ﬁeld, whereas the
green curve shows the linear time change (secular variation) in one year. Amplitudes and spatial scales for various external ﬁelds are
indicated by the orange areas. The scale at the top shows, for a satellite moving at 8 km s−1, the time period τ that would correspond to
the presented spatial scales. Abbreviations: EEJ, equatorial electrojet; FAC, ﬁeld-aligned current; nT, nanotesla; Rn, spatial power
spectrum; Sq, solar quiet daily magnetic variation.
Kp: 3-h index
monitoring global
geomagnetic activity
crust) have been removed, the remaining magnetic ﬁeld signal is caused by external sources (plus
their Earth-induced, electromagnetically induced counterparts). Although the selected orbit is
from a geomagnetically quiet day (global activity index Kp on August 16, 2010: 1− ≤ Kp ≤ 2◦),
there is a signiﬁcant external ﬁeld contribution, the large-scale part of which is dominated by
magnetospheric currents. Values for this part as given by CHAOS-4 are shown in Figure 4c,d,
whereas Figure 4e, f shows the magnetic ﬁeld intensity after removal of that magnetospheric
contribution.Remaining signals result from ionospheric sources. Because ionospheric conductivity
is low during the night (owing to vanishing ionizing solar irradiation), only weak ionospheric
contributions are expected. Indeed, at middle and low latitudes (±60◦ latitude), the magnetic ﬁeld
along the satellite track is almost undisturbed apart from a variation of a few nanotesla, which
www.annualreviews.org • Satellite Geomagnetism 447
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Nighttime orbit
15:00 UT; 23:35 LT
Daytime orbit
15:45 UT; 11:35 LT
August 16, 2010
CHAMP orbit 57732
−50
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QD latitude (degrees)
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c d
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Figure 4
(a,c,e) Magnetic ﬁeld intensity residuals versus Quasi-Dipole (QD) latitude for the nighttime part of CHAMP orbit number 57732 of
August 16, 2010. (b,d,f ) Same as in panels a, c, and e, but for the daytime part of the orbit. (a,b) The gray curve shows the difference
between observed magnetic intensity Fobs and the core ﬁeld part (magnetic ﬁeld contribution from Earth’s core) Fcore (F = Fobs –
Fcore). The blue curve shows the predicted crustal ﬁeld as given by the model MF7 (Maus 2010a). (c,d ) The gray curve indicates the
difference between the two curves shown in panels a and b, i.e., the observed values minus the model values for the core and the crust.
The blue curve indicates the modeled contributions of magnetospheric currents. (e,f ) The magnetic ﬁeld intensity after removal of the
contributions represented by the blue curves in panels c and d. Abbreviations: LT, local time; nT, nanotesla; UT, universal time.
Field-aligned current
(FAC): electric
current ﬂowing along
the ﬁeld lines of the
ambient magnetic ﬁeld
might result from an imperfect removal of the magnetospheric signal. However, at high latitudes,
there occur large ﬂuctuations due to auroral current systems in the E-region and ﬁeld-aligned
currents (FACs) that connect to the magnetosphere. Their amplitudes are stronger in the sunlit
(Northern) polar region than in the dark (Southern) polar region.
A similar plot, but for the dayside part of the orbit (equator crossing at 11:35 LT), is shown in
Figure 4b,d, f. After removal of contributions from the core, crust, andmagnetosphere, signiﬁcant
signals remain even at low and middle latitudes (Figure 4f ). A large-scale ﬁeld depression is
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Equatorial electrojet
(EEJ): ionospheric
E-region current
ﬂowing along the
dayside magnetic
equator
visible at approximately 40◦N. This variation is due to mid-latitude E-region dynamo currents
(see Section 3.2). At low latitudes, the equatorial electrojet (EEJ) is clearly visible as a reduction at
the magnetic dip equator (0◦ QD latitude). At approximately ± 15◦ latitude, the ﬁeld depression
is due to the diamagnetic effect of the two high-electron-density bands symmetrical about the dip
equator, termed the Appleton anomaly.
The signature of these external sources is of similar strength and spatial scale as that of the
crustal ﬁeld, and removal of a good ﬁeld model is therefore crucial to investigate the other,
much weaker, ﬁeld contributions. An examination of Figure 4e, f clariﬁes why usually only data
from dark regions, when ionospheric contributions are signiﬁcantly reduced compared with sunlit
regions, are taken for modeling the core and crustal ﬁeld.
2. CORE, CRUST, AND MANTLE
2.1. Geomagnetic Field Modeling
The most common approach to describing the geomagnetic ﬁeld globally, and to separating
internal and external sources, is by means of a spherical harmonic expansion (see section 5.02.3
of Hulot et al. 2007 for alternative ways of representing the ﬁeld). Following Backus (1986), the
magnetic ﬁeld B = Bint + Bext + Btor on a sphere can be decomposed into potential ﬁelds Bint due
to sources below and Bext due to sources above that reference sphere, and a nonpotential (in this
case, toroidal) ﬁeld Btor produced by electrical currents crossing the sphere.
The last vanishes in regions without electrical currents. In that case, the magnetic ﬁeld consists
only of the two potential ﬁelds Bint = −∇ V int and Bext = −∇ V ext. Each of the two potentials
can be expanded into a series of spherical harmonics:
V int = a
N int∑
n=1
n∑
m=0
( gmn cosmφ + hmn sinmφ)
(a
r
)n+1
Pmn (cos θ ) (1a)
V ext = a
N ext∑
n=1
n∑
m=0
(qmn cosmφ + s mn sinmφ)
( r
a
)n
Pmn (cos θ ), (1b)
where a = 6,371.2 km is the reference radius (mean Earth radius) traditionally used in geomag-
netism, (r, θ , φ) are spherical geographic coordinates, Pmn are the associated Schmidt seminormal-
ized Legendre functions, {gmn , hmn } are the Gauss coefﬁcients describing internal sources, {qmn , s mn }
are the Gauss coefﬁcients describing external sources, and Nint (Next) is the maximum spherical
harmonic degree and order of the internal (external) expansion. The Gauss coefﬁcients may de-
pend on time, for example, to account for core ﬁeld changes or to describe the temporal variations
of external contributions.
At satellite altitude, in situ electrical currents cause magnetic ﬁeld contributions that cannot
be described by the potential approach of Equation (1). Nevertheless, a potential description of
the observed ﬁeld is commonly used for analyzing satellite data, often after careful data selection
to minimize external ﬁeld contributions (e.g., by use of data from the nightside part of the orbits,
to reduce the effect of ionospheric ﬁelds, as shown in Figure 4).
The mean-squared magnetic ﬁeld intensity corresponding to internal magnetic ﬁeld contribu-
tions of spatial scale λn = 2πr/(n + 1/2) and averaged over a sphere of radius r is given as
Rn = (n + 1)
(a
r
)2n+4 n∑
m=0
[(gmn )
2 + (hmn )2]. (2)
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In the following sections, we use the spatial power spectrum Rn to assess models of the core and
crustal ﬁelds.
2.2. Core Field and Secular Variation
The ﬁrst global magnetic models based on magnetic ﬁeld observations from space were derived
by Tyurmina & Cherevko (1967) using data from the Cosmos 49 satellite and by Cain et al. (1967)
using data from the OGO-2 satellite. These were models of the static ﬁeld only; the limited time
span of the satellite data did not allow the resolution of temporal changes. A review of these and
other early satellite models of the core ﬁeld is provided by Langel (1987).
Here we concentrate on the achievements obtained during the past decade, during which ﬁeld
models of increasing complexity have been derived using data from the three satellites—Ørsted,
CHAMP, and SAC-C—that have been continuouslymonitoring the geomagnetic ﬁeld since 1999.
See also Lesur et al. (2011) for a review of core ﬁeld models derived from recent satellite data.
The ﬁrst satellite-based models were snapshot models that described the ﬁeld at a speciﬁc
epoch (e.g., Hulot et al. 2002, Olsen et al. 2000). This approach is similar to the one used to derive
models (e.g., Langel & Estes 1985b) from data taken by the Magsat satellite, which ﬂew only for
a couple of months. The difference between two snapshot models describing the geomagnetic
ﬁeld at different epochs yields the mean time change (secular variation) over the considered time
span; this approach has been used, for example, by Hulot et al. (2002) to study the behavior
of the geomagnetic ﬁeld between 1980 (Magsat) and 2000 (Ørsted), in particular regarding its
hemispheric asymmetry, the growth of the region of weak ﬁeld in the South Atlantic, and the
overall decline of the dipole ﬁeld.
The next step of modeling complexity concerns models for which the time dependence of the
core ﬁeld is parameterized by a Taylor expansion; examples for this class of models are given by
Langlais et al. (2003), Maus et al. (2005a, 2006), Olsen (2002), and Thomson & Lesur (2007).
However, the temporal changes of the core ﬁeld can no longer be regarded linear (or quadratic) if
observations spanning more than, say, two or three years are analyzed (inclusion of higher-order
terms may lead to unwanted behaviors near the edges of the time interval). This is demonstrated in
Figure 5, which shows theﬁrst timederivative of the east component at theHermanusObservatory
in South Africa for the past 10 years.
It is obvious that the ﬁeld variation as monitored by an observatory such as Hermanus is much
more structured thanwhat can bemodeled using a low-orderTaylor expansion, especially if several
years are considered. In particular, the existence of so-called geomagnetic jerks (e.g., Mandea et al.
2010), which are abrupt changes in the secular variation trend, hampers a description of the ﬁeld
variation by Taylor expansion in time. Jerk signatures at Hermanus are seen around 2007 and
(less pronounced) around 2005. Jerks have been extensively studied with ground data, but the
rather coarse spatial distribution of the observatory network hampers a determination of the
global distribution of jerks; therefore, satellites provide an excellent opportunity to study these
interesting events of rapid core ﬁeld changes.
B-splines offer a better way of describing core ﬁeld dynamics comparedwith aTaylor expansion
and have been used for modeling core ﬁeld changes with only ground observations (e.g., Bloxham
&Jackson 1992). A temporal parameterization by splines has also been used for the various versions
of the Comprehensive Model (Sabaka et al. 2002, 2004), which are derived by joint analysis of
ground observatory and satellite data spanning several decades.
Examples of recent spline models that are derived from the satellite data of the past decade are
the models of Olsen et al. (2006b), Lesur et al. (2010), and Olsen et al. (2011) (Figure 5). It is ob-
vious that the ability of the models to describe rapid core ﬁeld changes improves as more and more
450 Olsen · Stolle
A
nn
u.
 R
ev
. E
ar
th
 P
la
ne
t. 
Sc
i. 
20
12
.4
0:
44
1-
46
5.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.an
nu
al
re
vi
ew
s.o
rg
by
 T
ec
hn
ic
al
 In
fo
rm
at
io
n 
Ce
nt
er
 &
 L
ib
ra
ry
 o
f D
en
m
ar
k 
on
 0
5/
03
/1
2.
 F
or
 p
er
so
na
l u
se
 o
nl
y.
EA40CH18-Olsen ARI 1 April 2012 8:30
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
−26
−24
−22
−20
−18
−16
−14
−12
−10
−8
−6
Year
dY
/d
t (
nT
 y
ea
r–
1 )
Monthly means
OSVM: Olsen 2002
POMME-2: Maus et al. 2005b
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CHAOS-4: Olsen et al. 2011
Figure 5
First time derivative of the east component in the geomagnetic frame at the Hermanus Observatory in South
Africa. Symbols refer to observations (annual difference of monthly means), whereas the solid curves indicate
model values. The gray circles represent the annual difference of monthly means as observed at Hermanus,
whereas the dark blue line shows the ﬁeld variation as given by the OSVM model of Olsen (2002). This
model was derived from Ørsted satellite data spanning two years (as indicated by the length of the line) and
describes the static part of the geomagnetic ﬁeld up to n = 29 and its linear time dependence up to n = 13.
Maus et al. (2005b) also estimated a quadratic time dependence using ﬁve years of Ørsted and CHAMP data;
the corresponding model values for Hermanus are shown by the green line. Time dependence of the other
three models (CHAOS, GRIMM, and CHAOS-4) is described by splines. Abbreviation: nT, nanotesla.
satellite data become available. The models also beneﬁt from the use of splines (models CHAOS,
GRIMM-2, and CHAOS-4) as opposed to a Taylor expansion (models OSVM and POMME-2)
to describe the time dependence of the Gauss coefﬁcients. This better spatial resolution of the
recent secular variation models has been used to derive small-scale features of core ﬂow; examples
are given by Gillet et al. (2007), Holme & Olsen (2006), Olsen & Mandea (2008), Pais & Jault
(2008), and Holme et al. (2011).
In addition to obtaining global models of rapid core ﬁeld changes, satellite data have also been
used to determine ﬁeld variations with high spatial resolution of the ﬁrst time derivative (linear
secular variation). For the assessment, it is useful to look at the spatial power spectrum of the ﬁrst
time derivatives [see Equation (1), but note that the spatial power spectrum is calculated from the
ﬁrst time derivative, g˙mn , h˙
m
n , of the Gauss coefﬁcients]. Figure 6 shows the spectrum as obtained
from six months of Magsat satellite data (Langel & Estes 1985b). Only coefﬁcients up to n = 6 are
above the noise level, indicated by the ﬂat part of the spectrum at approximately 70 (nT year−1)2.
Additional use of data from theDynamics Explorer 2 (DE-2) satellite between September 1981 and
January 1983 improves the secular variation determination slightly and reduces the noise level to
approximately 30 (nTyear−1)2 (Langel et al. 1988). Amajor improvementwas possible by analyzing
the ﬁrst two years of Ørsted observations, which reduced the noise level to approximately 1
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Figure 6
Spatial spectra of ﬁrst time derivative [secular variation, solid curves, in (nT year−1)2] and second time
derivative [secular acceleration, dashed curves, in (nT year−2)2] of the core ﬁeld for various magnetic ﬁeld
models, at Earth’s surface. Abbreviation: nT, nanotesla.
(nT year−1)2 (Olsen 2002); ﬁrst time derivative coefﬁcients up to n = 11 are resolved by theOSVM
model. Yet another order of magnitude in noise reduction was obtained by Maus et al. (2005b)
in their combined analysis of Ørsted and CHAMP data spanning more than ﬁve years, resulting
in a determination of the ﬁrst time derivative up to n = 13. The model of Lesur et al. (2010) has
a similar noise level. Finally, the ﬁrst time derivative of the model CHAOS-4 (Olsen et al. 2011)
has a noise level as low as 0.02 (nT year−1)2. This allows determination of secular variation for
spatial scales up to n = 15. These models, however, describe the mean secular variation averaged
over several years (because they were determined using temporal regularization), which, at least
for the higher degrees, is probably different from the instantaneous secular variation.
Also presented in Figure 6 are spectra of the second time derivative (secular acceleration) for
various ﬁeld models. There are considerable differences between the secular acceleration as given
by the various models, which are probably due to the different modeling approaches, especially
regarding model regularization in time, as discussed, for example, by Lesur et al. (2011).
As shown in Figure 3, the crustal ﬁeld dominates the core ﬁeld for spherical harmonic degrees
above n = 13, and it is therefore not possible to infer small-scale structures of the (static) core
ﬁeld. However, because the crustal ﬁeld is time independent (on the timescales considered here),
the time change of the core ﬁeld is, in principle, observable at all spatial wavelengths. Figure 6
demonstrates that with the recent core ﬁeld models, it is possible to infer the time change (secular
variation) of the core ﬁeld down to scales smaller (2,670-km lengths at the surface, corresponding
to n = 15) than the scales of the (static) core ﬁeld itself.
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2.3. Crustal Field
Early models of the crustal ﬁeld as seen from space have been published, for example, by Cain et al.
(1984, 1989), Cohen & Achache (1990), and Regan et al. (1975); see Langel & Hinze (1998) for a
review of crustal ﬁeld models derived from satellite observations before CHAMP. More recently,
The´bault et al. (2010) reviewed the various techniques in use for modeling the crustal ﬁeld and
the obtained results.
Crucial for a good determination of the crustal ﬁeld is the proper accounting for external ﬁeld
variations during the data analysis. Unfortunately, the obtained results depend somewhat on the
processing approach. As described by The´bault et al. (2010), two complementary philosophies are
in use for deriving spherical harmonic models of Earth’s crustal ﬁeld: In the sequential approach,
a priori models of all known magnetic ﬁeld contributions but the crustal ﬁeld are subtracted from
the data, followed by careful data selection and application of empirical corrections. Contrary to
this sequential approach, the comprehensive approach aims to solve simultaneously for all major
internal and external ﬁeld contributions.
Similar to the spatial power spectra of the secular variation presented in Figure 6, spectra of
various crustal ﬁeld models are shown in Figure 7. The model of Cain et al. (1989) is derived
from Magsat satellite data using a rather simple treatment of external sources, which resulted in a
leakage of external ﬁeld signals into the crustal ﬁeld model, as indicated by the rather high power
of that model. In contrast, Cohen & Achache (1990), who also used Magsat satellite data, removed
external ﬁelds by high-pass ﬁltering of the data. Because this approach also removes part of the
crustal signal (see, e.g., The´bault et al. 2012), the resulting model has rather weak power. The
difference in the power of these two models may be regarded as an indicator of the uncertainty of
crustal ﬁeld models derived from the early satellite missions POGO and Magsat.
Let us now look at the ﬁrst crustal models that include data from the recent satellites (and
especially from CHAMP, the low altitude of which is essential for a good determination of the
crustal ﬁeld). The model of Sabaka et al. (2004), derived using the comprehensive approach by
20 30 40 50 60 70 80 90 100
Cain et al. 1989
Cohen & Achache 1990
CM4: Sabaka et al. 2004
MF5: Maus et al. 2007
MF7: Maus 2010a
CHAOS-4: Olsen et al. 2011
R n
 (n
T
2 )
Spherical harmonic degree n
102
101
100
Figure 7
Spatial spectra of the crustal ﬁeld for various magnetic ﬁeld models, at Earth’s surface. Abbreviation:
nT, nanotesla.
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Sq: solar quiet daily
magnetic variation
coestimation of internal and external ﬁelds, yields power that is considerably reduced compared
with that of Cain et al. (1989). Similarly, the MF5 model of Maus et al. (2007), derived by track-
by-track high-pass ﬁltering of CHAMP data, has power that is considerably higher than that of
the model of Cohen & Achache (1990) (but still too low, compared with more recent models).
The most recent ﬁeld models, derived from the latest CHAMP data (which were sampled at
altitudes below 300 km a few months before atmospheric reentry of the satellite), are in rather
good agreement, at least up to spherical harmonic degree n = 80 or so. This is indicated by the
fact that the power of the models of Olsen et al. (2011) and Maus (2010a) almost coincide.
In the near future, data from the three-satellite constellationSwarm are expected to signiﬁcantly
improve the spatial resolution of crustal ﬁeld models. The two lower Swarm satellites will, for the
ﬁrst time, allow not only the observation of the magnetic ﬁeld vector but also an estimate of
the east–west gradient of the magnetic ﬁeld. This results in enhanced resolution. By analysis of
synthetic magnetic ﬁeld data from a full mission simulation, it could be demonstrated that crustal
ﬁelds up to degree n = 133 or even n = 150 are obtainable (e.g., Olsen et al. 2006a, Tøffner-
Clausen et al. 2010), bridging the existing gap between satellite models and data from ground,
airborne, and marine surveys.
2.4. Electrical Conductivity of the Mantle
Temporal variations of the magnetic ﬁeld produce induced currents in Earth’s interior regardless
of whether the variations are of internal origin (due to the variations of the core ﬁeld) or of
external origin (caused by electrical currents in the ionosphere and magnetosphere). Observations
of the total magnetic ﬁeld variation [i.e., the superposition of the primary (inducing) ﬁeld and
of the secondary ﬁeld caused by the induced electrical currents] allow for a determination of the
electrical conductivity of Earth’s interior.
Probing the conductivity of the mantle using core ﬁeld variations requires a precise determi-
nation of the ﬁeld during rapid and isolated events such as geomagnetic jerks and some a priori
assumptions about the kinematics of the ﬂuid motion at the top of the core. This approach has
its strength in providing an upper bound of the conductivity of the deep mantle. Probing mantle
conductivity down to depths of ∼1,200 km is possible by analyzing magnetic ﬁeld variations of
external origin. Both approaches require good knowledge of the time-space structure of the in-
ducing ﬁeld, which can be obtained with ground observatory data and/or with satellite magnetic
ﬁeld observations. A review of the various methods that can be used for electromagnetic induction
studies with satellites, along with results obtained with the satellites POGO and Magsat, is given
by Olsen (1999a). Constable (2007) and Kuvshinov (2011) provide more recent reviews of the
topic.
The launches of the Ørsted and CHAMP satellites resulted in increased interest in prob-
ing mantle conductivity from space, and various conductivity models have been derived (e.g.,
Kuvshinov & Olsen 2006, Velı´msky 2010). Only magnetospheric currents are of external origin,
as seen by a satellite; the ionospheric E-region currents that are responsible for the solar quiet
daily magnetic variation (Sq) (which is a source often used for induction studies using ground-
based data) are below the satellite and hence of internal origin. This hampers the determination of
mantle conductivity; therefore, the main source for induction studies from space is the magneto-
spheric ring current (see Section 3.1). Its source geometry is assumed to be given by the spherical
harmonic P01 (using dipole coordinates θd , φd ), so Equation (1b) reduces to
V ext(t) = aε01(t)
( r
a
)
cos θd . (3a)
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If the conductivity of Earth’s interior depends only on radius (1D conductivity), each external
(inducing) spherical harmonic coefﬁcient induces only one internal coefﬁcient (of same degree n
and order m); in this case, the potential of the induced part is given by
V int(t) = aι01(t)
(a
r
)2
cos θd . (3b)
However, in the general case of 3D conductivity (which means that conductivity changes in radial
direction as well as in lateral direction), one external coefﬁcient induces all internal coefﬁcients.
Therefore, the corresponding induced potential is
V int(t) = a
∑
n,m
ιmn (t)
(a
r
)n+1
Pmn (cos θd ) exp imφd . (3c)
Until now, only 1D conductivity models have been derived from satellite data
[using Equations (3a) and (3b)], treating the magnetic ﬁeld observations either in the frequency
domain or in the time domain.
Kuvshinov & Olsen (2006) used the frequency domain approach. Fourier transformation of
the time series ε01(t) and ι
0
1(t) allows for an estimation of the transfer function Q(ω) = ιˆ01(ω)/εˆ01(ω)
between internal (induced) and external (inducing) coefﬁcients.UsingØrsted,CHAMP, and SAC-
C data between 2001 and 2005, Kuvshinov & Olsen (2006) determined Q(ω) for frequencies ω
corresponding to periods between 14 h and 14 months and derived a 1D mantle conductivity
model from this transfer function. The obtained model is shown in Figure 8.
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Figure 8
1D conductivity models for Earth’s mantle. The models of Kuvshinov & Olsen (2006) (red ) and Velı´msky
(2010) (magenta) are global models determined from recent satellite data, whereas those of Olsen (1999b)
( gray) and Kuvshinov et al. (2005) (blue) are determined from ground data.
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Dst index: magnetic
disturbance storm time
index monitoring the
strength of the
magnetospheric ring
current
The ﬁrst inversion of satellite data in the time domain was done by Velı´msky et al. (2006). More
recently, Velı´msky (2010) used CHAMP vector data from 2001 to 2007 and estimated time series
of the external coefﬁcient ε01(t) as well as of the corresponding induced coefﬁcient ι
0
1(t). Synthetic
values ι01,s (t) of the induced coefﬁcient were calculated from the observed external coefﬁcient
ε01(t) plus a 1D mantle conductivity model and subsequently compared with the observed induced
coefﬁcient ι01(t). An optimal 1D conductivity model was found by minimizing the average misﬁt of
the difference between observed and synthetic values of the induced coefﬁcient. The result of this
approach is shown in Figure 8. For comparison, two conductivity models derived from ground
data are also shown: The model of Olsen (1999b) is derived from European observatories, whereas
that of Kuvshinov et al. (2005) is obtained from observatory and submarine cable measurements
in the Northern Paciﬁc. There is relatively good agreement among all models at depths between
800 and 1,800 km, a region that is sensed by external ﬁeld variations of periods between a few days
and one year. Differences at shallower depths, especially regarding the satellite-based model of
Velı´msky (2010), are probably due to contamination by ionospheric daily signals (which hamper
the use of satellite data for induction studies).
Also, regarding mantle conductivity, it is expected that the upcoming Swarm satellite mission
will lead to a major advance. Simultaneous data from all three satellites will allow for a better
determination of the time-space structure of magnetospheric and induced contributions, with the
potential of resolving 3D mantle conductivity from space. Experiments using synthetic data (e.g.,
Kuvshinov et al. 2006) are encouraging and demonstrate the capability of the developed
approaches.
3. IONOSPHERE AND MAGNETOSPHERE
The novelty in investigating ionospheric and magnetospheric currents with high-precision mag-
netic satellites is mainly twofold:
 Measurements from high-precision magnetic satellites allow for a precise determination of
weak ﬁeld contributions to the different vector components of the magnetic ﬁeld.
 Removing the core, crustal, andmagnetospheric contributions, as given by high-quality ﬁeld
models, enables the identiﬁcation of processes with comparable small amplitude (of only few
nanotesla).
This section highlights both recent ﬁndings that are of interest for improving core and crustal
ﬁeld models and new results in ionospheric and magnetospheric research.
3.1. Magnetospheric Currents
The main magnetospheric current systems that contribute to the near-Earth magnetic ﬁeld are
the Chapman-Ferraro currents ﬂowing at the dayside on the magnetopause, the tail currents on
the nightside, and the ring current in the equatorial plane. These magnetospheric current systems,
and their connection to the polar ionosphere via FACs, are discussed, for example, in Kivelson &
Russell (1995). Figure 4c,d displays a magnetospheric contribution of approximately 20 nT for a
geomagnetically quiet day, but during disturbed conditions—for example, during a geomagnetic
storm—the ring current is intensiﬁed and the magnetic ﬁeld disturbance may reach values of
hundreds of nanotesla.
The strength of the magnetospheric ring current is monitored by the Dst index that was
introduced by Sugiura (1964). It is routinely determined from data of four ground observatories
and is available from theWorldDataCenterKyoto (http://wdc.kugi.kyoto-u.ac.jp/dstdir/).The
baseline of Dst is, roughly speaking, determined such that its time average over geomagnetically
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SM frame:
solar-magnetic
coordinate frame
GSM frame:
geocentric-solar-
magnetospheric
coordinate frame
quiet periods is zero. However, the magnetospheric ring current does not vanish during quiet
conditions; there are magnetospheric contributions even for Dst = 0. This offset in Dst can be
determined onlywith high-precisionLEOsatellites. Althoughmagnetic intensity data taken by the
POGOsatellites have been used to determine this quiet-time level ofDst, its reliable determination
of approximately 20 nT was not possible until the availability of vector satellite observations from
Magsat (Langel & Estes 1985a,b; Langel et al. 1980).
An analysis of the time-space structure of the large-scale magnetospheric ﬁeld was performed
by Maus & Lu¨hr (2005) on the basis of ﬁve years of Ørsted and CHAMP observations between
1999 and 2004. They separated the different magnetospheric current systems by selecting ap-
propriate coordinate systems: The inner magnetosphere including the ring current is strongly
coupled to Earth’s dipole ﬁeld and therefore best described in the solar-magnetic coordinate
frame (SM frame), which is aligned with the geomagnetic dipole axis. In contrast, currents of the
distant magnetosphere—for example, the tail current—are best described in the geocentric-solar-
magnetospheric coordinate frame (GSM frame), which is ﬁxed to the direction to the sun (see,
e.g., Kivelson & Russell 1995 for a description of the different coordinate frames). Maus & Lu¨hr
(2005) found a constant quiet-time magnetic ﬁeld in the GSM frame of approximately 13 nT,
which they attribute to tail currents. They also found a constant ﬁeld of approximately 8 nT in
the SM frame (which, together with the constant ﬁeld in the GSM frame, yields the ∼20 nT that
was found earlier by Langel and coworkers).
In a subsequent study,Lu¨hr&Maus (2010) usednine years ofØrsted andCHAMPobservations
between 2000 and 2009 to investigate the solar cycle dependence of the quiet-timemagnetospheric
ﬁeld. They suggest that contributions in the GSM frame are mainly due to magnetotail currents,
whereas the dayside magnetopause currents follow the SM frame. Contributions from the GSM
frame seem to have no solar cycle dependence, but the SM ﬁeld was found to depend strongly on
the solar cycle, varying between 0 nT during low solar ﬂux and 15 nT for high solar ﬂux. Lu¨hr &
Maus (2010) also suggest the possibility that the quiet-time ring current completely vanishes for
very low solar ﬂux conditions.
In addition to determination of the quiet-time level of magnetospheric ﬁelds, their variability
with geomagnetic activity has been investigated using satellite data. Langel & Estes (1985b) de-
termined a linear regression coefﬁcient between the external coefﬁcient q 01 [see Equation (1)] and
the Dst index of −0.69; similar values were found by the ﬁrst Ørsted ﬁeld models (Olsen 2002,
for instance, determined a value of −0.64). However, Dst monitors not only the magnetospheric
ring current but also contributions from its Earth-induced counterpart (the negative sign of the
regression coefﬁcient is due to the fact that Dst measures the strength of the magnetic North
component at the equator, which is given by −q 01 if induced effects are ignored). Maus & Weidelt
(2004) and Olsen et al. (2005) decomposed Dst into its magnetospheric part, Est, and its induced
part, Ist (Dst = Est + Ist). Using Est rather than Dst to describe the variability of q 01 leads to a
regression coefﬁcient that is closer to unity [Maus & Lu¨hr (2005) found a value of −0.79] but still
signiﬁcantly different from the expected value of −1. It is an open question why the magneto-
spheric ﬁeld as monitored by LEO satellites is only ∼80% of that found with ground observations.
Whether this is due to the scheme used to derive Dst (resulting in values that are too large) or
whether a part of the signal that is monitored by Dst is caused by an additional current in the
ionosphere is still an unsolved issue.
3.2. Ionospheric Currents
The ionospheric current systems that are considered in this review are sketched in Figure 2,
whereas their amplitudes and spatial scales are given in Figure 3. At low latitudes, the EEJ,
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IHFAC:
interhemispheric
ﬁeld-aligned current
Polar electrojet
(PEJ): horizontal
electric current
ﬂowing in the auroral
E-region ionosphere
the meridional current system centered at the dip equator, and the plasma bubbles play a role.
Sq current vortexes in the E-region of both hemispheres, and the connecting interhemispheric
ﬁeld-aligned currents (IHFACs), contribute to the magnetic ﬁeld at middle latitudes. The polar
ionosphere is dominated by polar electrojets (PEJs) and FACs connecting them to the magneto-
sphere.Most of these currents havemagnetic signals that are visible even on single orbits, although
some current systems (e.g., Sq and EEJ) vanish during the night (see Figure 4e, f ).
3.2.1. Mid-latitude Sq and interhemispheric field-aligned currents. The dayside ionospheric
current systems Sq and EEJ are caused by the ionospheric dynamo. Thermospheric tidal winds
move plasma through the ﬁeld lines of the ambient magnetic ﬁeld, thereby generating electrical
currents, which, in turn, produce a magnetic ﬁeld. Depending on the altitude and conditions of
the process, it is common to distinguish between an E-region dynamo and an F-region dynamo
(e.g., Heelis 2004, Kelley 2009, Rishbeth 1997).
The E-region current system consists of two vortexes centered around local noon at ± 30◦
latitude, with anticlockwise (clockwise) currents in the Northern (Southern) Hemisphere. Their
global extension and variability have been studied using satellite data by Sabaka et al. (2004) and
Pedatella et al. (2011).
Owing to seasonal differences in wind and ionospheric conductivity, there is a winter-summer
hemispheric asymmetry of current vortex strength (e.g., Fukushima 1994), which produces an
interhemispheric electrostatic potential difference. This drives IHFACs from the summer to the
winter hemisphere in the dawn sector, and in the opposite direction in the noon and dusk sectors.
IHFACs were ﬁrst proposed by van Sabben (1966, 1970), and although some attempts have been
made to detect them from ground (e.g., Fukushima 1994, van Sabben 1966), the ﬁrst unambiguous
determination was achieved by Olsen (1997) using Magsat satellite data. He found a direction and
density of the IHFACs that are in agreement with the theoretical predictions for winter months:
from north to south in the evening sector and vice versa in the morning sector, with current
densities of 2–4 nA ·m−2.Owing to the asymmetry between themagnetic and geographic equators,
IHFACs do not vanish during equinox (when the two current vortexes are almost symmetric); this
theoretical result was also conﬁrmed by Olsen (1997).
Park et al. (2011) investigated IHFACs using nine years of CHAMP observations between
2000 and 2009 and determined the climatology of their longitudinal, LT, and seasonal variations.
In agreement with previous ﬁndings by Yamashita & Iyemori (2002) (who investigated IHFACs
with Ørsted data), they found that dusk-side IHFACs are directed from north to south irrespective
of season, which, however, is not consistent with the currently accepted theory (Fukushima 1994).
Park et al. (2011) also observed an enhanced southward component of the noontime IHFACs
near the South Atlantic Anomaly. They explain this with the weak core ﬁeld in this region, which
enhances the E-region currents by shifting the effective dynamo layer toward higher altitudes with
stronger winds and higher plasma density (Takeda 1996).
3.2.2. Equatorial electrojet. The EEJ is a band of intense electric currents ﬂowing along the
magnetic dip equator in the ionospheric E-region. It is controlled by the E-region dynamo, the
ionospheric conductivity, and the special geometry of the geomagnetic ﬁeld (e.g., Heelis 2004).
The EEJ is a dayside phenomenon with an amplitude maximum at 11–12 LT. It has been in-
vestigated from the ground for several decades, but its global extension can be studied only with
LEO satellites. Ivers et al. (2003) and Lu¨hr et al. (2004) analyzed Ørsted and CHAMP data, re-
spectively, and found that the eastward currents of the EEJ are conﬁned to ± 2◦ QD latitude,
whereas westward-directed return currents peak at approximately ± 5◦. Manoj et al. (2006) re-
vealed a short longitudinal correlation length of the EEJ of ± 15◦ in CHAMP data, which is
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believed to be similar to that of the dynamo action and/or of the conductivity. Alken & Maus
(2007) used Ørsted, SAC-C, and CHAMP data to derive a climatological model (available at
http://www.geomag.org/models/EEJ.html) of the EEJ sheet current density.
Monitoring of the EEJ has been crucial, for example, for the investigation of the coupling
between the lower and upper atmospheres. This has been a hot topic during the last years
of the extended minimum of solar cycle 23, when the atmospheric inﬂuence on ionospheric
electrodynamics and structure is better detectable owing to the very low plasma densities.
England et al. (2006) and Lu¨hr et al. (2008) revealed the existence of wave structures in the EEJ
(and thereby in the E-region dynamo), which they attribute to upward-propagating atmospheric
waves (Oberheide et al. 2009). Fejer et al. (2010) investigated the longitudinal variation of the
ionospheric response to sudden stratospheric warming in ground and CHAMP satellite data and
identiﬁed their dependence on the phase of the moon.
3.2.3. Meridional current system in the low-latitude F-region. In the low-latitude F-region,
a meridional current system exists as a result of wind-driven electrodynamics (Heelis 2004): At
the dip equator, currents are upward directed from the E- to the F-region. They then ﬂow along
magnetic ﬁeld lines poleward and downward to the E-region, where the current system is closed
by horizontal currents directed toward the dip equator.
These low-latitude F-region currents were found in Magsat dusk magnetic data, but no signal
was detected during dawn (e.g., Langel et al. 1993, Maeda et al. 1982). Olsen (1997) conﬁrmed
this result and also revealed a lunar tidal contribution in the dusk current system.
An investigation of the full LT dependence of the low-latitudemeridional currents was possible
with CHAMP satellite data. Lu¨hr & Maus (2006) found upward currents between 17 LT and 20
LT and downward currents around noon. Subsequently, Park et al. (2010) revealed a longitudinal
variation of the downward currents around noon that is anticorrelated with the strength of the
ambient magnetic ﬁeld (e.g., stronger currents in the South Atlantic Anomaly), but they could
not conﬁrm such behavior for dusk. They also identiﬁed wave structures during noon similar to
tropospheric waves propagating upward into the ionosphere, but again no corresponding struc-
ture was found during dusk. These ﬁndings suggest that the effect of E-region electrodynamics
dominates in the dayside F-region.
3.2.4. Equatorial plasma irregularities. Equatorial plasma irregularities, also known as Spread-
F or equatorial plasma bubbles, are ﬂux tubes of depleted plasma density that occur regularly in
the evening ionosphere. They are formed at low latitudes at the bottom of the F-region, rise
upward, and ﬁnally expand poleward. Apex altitudes (during geomagnetically quiet conditions)
are up to 700 km, corresponding to a footprint of the ﬂux tube below 30◦ magnetic latitude. A
review including concise theoretical descriptions of the phenomenon is provided in chapter 4 of
Kelley (2009).
Equatorial plasma irregularities are detectable with satellite magnetic ﬁeld data because they
produce a diamagnetic current density
jd = −k∇(neT ) × B|B|2 ,
directed along the gradient of plasma density ne multiplied by the sum T = Te + Ti of ion and
electron temperature. Here, k is the Boltzmann constant and B is the ambient magnetic ﬁeld
vector.
Lu¨hr et al. (2002) took advantage of the low altitude of the CHAMP satellite to study plasma
irregularities and their magnetic effect. The results of the comprehensive climatology of their
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EIA: Equatorial
Ionization Anomaly,
also termed the
Appleton Anomaly
diamagnetic signatures derived by Stolle et al. (2006) are in rough agreement with ﬁndings from
plasma depletions (e.g., Huang et al. 2001, Xiong et al. 2010). In the South American region, for
example, plasma irregularities occur almost every evening during late September and December
but are nearly absent in June. The magnetic signatures of plasma irregularities depend on solar
ﬂux and satellite altitude: At altitudes of approximately 350 km (CHAMP), they are seldom in
years of low solar activity, whereas at 700-km altitude (Ørsted), they seem to be absent at any solar
ﬂux level.
Concentrating on magnetic signatures perpendicular to the ambient ﬁeld, Park et al. (2009)
provided a comprehensive climatology of FACs ﬂowing along the ﬂux tubes. Their results suggest
a poleward-directed Poynting ﬂux of early evening events, but no clear preferred direction could
be found for night events. The seeding and growing mechanisms of equatorial plasma bubbles
constitutes an ongoing topic in physical modeling of the ionosphere (e.g., Huba et al. 2011), and
comparing the model results with the observations will certainly advance the understanding of
plasma irregularities.
3.2.5. Large-scale pressure gradient–driven currents. The diamagnetic effect applies also to
larger-scale regions with plasma density gradients. The Equatorial Ionization Anomaly (EIA),
or Appleton Anomaly, for instance, is characterized by a plasma density trough at the magnetic
equator and bands of enhanced plasma density at approximately ± 15◦ QD latitude (e.g., Kelley
2009). The EIA develops after sunrise, with a ﬁrst maximum shortly after noon and a second one
just after sunset. Lu¨hr et al. (2003) demonstrated that the EIA leads to a systematic depression of
the magnetic ﬁeld intensity measured by CHAMP at the peak latitude of the EIA. The effect is
shown in Figure 4f as a depression of approximately 5 nT at magnetic latitudes of approximately
± 10◦.
3.2.6. Gravity-driven currents. The gravity-driven current density
jg = ne mi g × B|B|2
(where mi is ion mass and g is Earth’s gravity vector) is particularly intense in the low-latitude
ionosphere, where g is perpendicular to the (mainly horizontal) ambient magnetic ﬁeld B. Because
the currents depend also on plasma density ne, they are expected to be largest at the F-region
density peak at approximately 300-km altitude. Observational evidence of gravity-driven currents
in CHAMP data was found by Maus & Lu¨hr (2006). They identiﬁed an eastward-ﬂowing current
band of approximately 60◦ latitudinal extension centered at the equator but moving northward
(southward) during northern summer (winter). The authors estimated a height-integrated current
density of approximately 7 mA m−1, a total eastward current of up to 50 kA, and a magnetic
signature of up to 6 nT.
3.2.7. Currents in the polar ionosphere. Complicated current systems exist in the polar re-
gions. They are particularly strong during times of enhanced energy transfer from the sun into the
magnetosphere but are always present, even during geomagnetically quiet times and in darkness
(winter). When selecting data for core and crustal ﬁeld modeling, it is therefore difﬁcult to avoid
contributions from polar currents by applying the same data selection criteria as for nonpolar lati-
tudes (e.g., data from dark regions and geomagnetically quiet conditions). A better understanding
of polar ionospheric currents is therefore critical for improved modeling of the internal ﬁeld.
LEO satellites have been used to determine the horizontal currents in the auroral E-region
(PEJs) and the corresponding FACs that feed the ionospheric currents by coupling to the
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magnetosphere. The seasonal variation of FACs for solar minimum years, and their dependence
on the interplanetary magnetic ﬁeld, was investigated by Christiansen et al. (2002) on the basis of
vector data from Magsat and Ørsted.
Olsen (1996) studied the strength and location of the PEJs with Magsat data by ﬁtting a model
consisting of a series of line currents to residuals of the magnetic ﬁeld intensity (after subtraction
of the core and crustal ﬁelds). This method was subsequently applied by Ritter et al. (2004) to two
years of CHAMP magnetic intensity data to determine the climatology of ionospheric horizontal
currents for geomagnetically quiet conditions.
Juusola et al. (2009) describe a spherical line current approach that consistently models the
magnetic signature of the horizontal currents as well as the corresponding FACs. They applied
theirmethod toCHAMPobservations between 2001 and 2005 and found that themerging electric
ﬁeld at the magnetopause, Em, is the most suitable parameter to describe the intensity and location
of the currents—and thus conﬁrm the usefulness of selecting polar data according to the strength
of Em when modeling the core and crustal ﬁelds (e.g., Olsen et al. 2006b).
4. CONCLUSIONS
During the past decade, considerable progress has been obtained in modeling and understanding
the various contributions to the geomagnetic ﬁeld, thanks to the high-precision magnetic ﬁeld
measurements that are taken by LEO satellites. More than 10 years of continuous observations
from space enabled the study of core ﬁeld dynamics and crustal ﬁeld magnetization with unprece-
dented resolution in space and time. The three-satellite constellation mission Swarm, scheduled
for launch in 2012, will continue to monitor the ﬁeld from space. Swarm is the most ambitious
project so far regarding accuratemeasurements of Earth’s magnetic ﬁeld, and the desiredmagnetic
ﬁeld accuracy is signiﬁcantly higher than that of all previous missions.
Although the primary science objective of all high-precision satellites is mapping of Earth’s in-
ternalmagnetic ﬁeld, thesemissions also provide signiﬁcant advances in ionosphere/thermosphere
research. This has been in particular true for the CHAMP satellite owing to its low altitude, its
long lifetime, and its extended payload that also allows for measuring plasma parameters and
thermospheric density and winds (Lu¨hr et al. 2011). All these parameters, and in addition the
electric ﬁeld, will also be measured by the Swarm mission; these measurements, together with the
constellation aspect of Swarm, are exciting for external ﬁeld studies. The two side-by-side ﬂying
lower satellites will, for instance, allow for the ﬁrst time an in situ determination of FACs (Ritter &
Lu¨hr 2006) without the assumptions about current geometry that have to be made for processing
single-satellite data.
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